The aim of this study was to compare shoulder muscle force and moment production during external rotation performed in the transverse and sagittal planes. An optimization model was used for estimating shoulder muscle force production of infraspinatus, teres minor, supraspinatus, anterior deltoid, middle deltoid and posterior deltoid muscles. The model uses as input data the external rotation moment, muscle moment arm magnitude, muscle physiologic cross-sectional area and muscle specific tension. The external rotation moment data were gathered from eight subjects in transverse and six subjects in sagittal plane using an isokinetic dynamometer. In the sagittal plane, all studied muscles presented larger estimated force in comparison with the transverse plane. The infraspinatus, teres minor, supraspinatus and posterior deltoid muscles presented larger moment in sagittal when compared with transverse plane. When prescribing shoulder rehabilitation exercises, therapists should bear in mind the described changes in muscle force production.
Joint and muscle forces can be directly determined by force transducer implants; however, this is an invasive method and thus, barely used (An et al., 1995; Bergmann et al., 2007; Westerhoff et al., 2009a; Westerhoff et al., 2009b) . Alternatively, optimization models are used to quantify internal forces. Such models consist of algorithms that use mechanical and/or physiological information as input data to obtain muscle or joint force estimations (Lin et al., 2011; Terrier et al., 2010; Veeger et al., 1991) . Shoulder muscle force and moment-generating capacity have been estimated from optimization approaches (An et al., 1995; Favre et al., 2005; Karlsson & Peterson, 1992; Ribeiro et al., 2009; Steenbrink et al., 2009; Van der Helm & Veeger, 1996; Veeger et al., 2002) , electromyography (David et al., 2000) or physiologic data, such as muscle-tendon parameters (Langenderfer et al., 2006b) . Some of these studies have calculated the estimated muscle forces during static conditions (Hughes & An, 1996; Karlsson & Peterson, 1992) . Others have estimated muscle forces during dynamic conditions, such as internal rotation (Ribeiro et al., 2009 ) and external rotation (ER) movements (Toledo et al., 2008) .
Muscle moment-generating capacity depends on the force magnitude as well as its direction and point in which it is applied. Combined, the two latter parameters are known as the moment arm (Hughes & An, 1996; Kronberg et al., 1990; Liu et al., 1997; Otis et al., 1994; Rassier et al., 1999) . Plane of motion in which movement is performed alters joint position, modifying muscle moment arm and muscle length, thus influencing moment generation capacity (Groot et al., 2004; Hughes & An, 1996) .
Rehabilitation exercises are commonly performed in different planes of movement to change the resistance offered in each exercise (Hageman et al., 1989; Toledo et al., 2008) . Resisted shoulder ER exercises can be executed in transverse (TP) and sagittal planes (SP) of An Official Journal of ISB www.JAB-Journal.com ORIGINAL RESEARCH movement during rehabilitation programs. Whether to prescribe ER exercises in one or another plane of movement is a decision to be made by the therapist considering, for instance, the load applied to shoulder muscles. In this sense, the estimation of shoulder muscle force and moment production capacity could help clinicians to better prescribe shoulder exercises. However, information regarding shoulder muscle force and moment production capacity during ER in the TP and SP is currently scarce. Hence, the aim of this study was to compare shoulder muscle force and moment production during ER performed in the TP and SP.
Methods

Participants
A convenience sample was involved in this study. Eight subjects (1 female and 7 males) aged between 19 and 25 years took part in data collection for shoulder ER in the TP while six participants (all males) aged between 22 and 25 years participated in data collection for shoulder ER in the SP. Two of the participants were included in both groups.
All participants practiced regular physical activities (2 or 3 times per week) and did not have any history of shoulder injury. All of them were right-handed and had a mean bodyweight of 70 kg (± 6 kg) and mean height of 1.70 m (± 0.10 m). A university-approved informed consent document for human subjects was read and signed prior to the tests by all participants.
Equipment and Data Processing
Moment data (maximum torque) was collected by an isokinetic strength test performed on Cybex Norm isokinetic dynamometer (Dataq Instruments, Inc. Ohio, USA). To register joint position in relation to time with greater precision, an electrogoniometer-Biomectrics Ltd., XM 180 (Cwmfelinfach, United Kingdom)-was used. The electrogoniometer was attached to the isokinetic dynamometer. Both instruments were connected to a Pentium III 650 MHz microcomputer using an analogical-digital converter set to a sampling frequency of 500 Hz. The SAD32 (System of Data Acquisition, developed by the Laboratório de Medições Mecânicas, at the Federal University of Rio Grande do Sul) software and the MATLAB (MathWorks Inc, Massachusetts, USA) software were used for data processing. Moment and angular data were digitally filtered using a low-pass, third-order, Butterworth filter with cut-off frequencies set at 3 Hz for angle data and 10 Hz for moment data. These cut-off frequencies were defined according to the residual method proposed by Winter (2005) . After the signal was filtered, the averages of the five repetitions were calculated. For the purpose of this study, negative values were used for registering ER angles and positive values for internal rotation.
Procedures
Data collection was carried out on two different days, to avoid muscle fatigue. First, shoulder ER moment and angular data were collected in the TP and, then, on the next day, shoulder ER moment and angular data were collected in the SP.
Before the test, the participants warmed up and stretched the right upper limb. For data collection in the TP, participants were positioned in stand-up posture, with shoulder in neutral (without elevation), 90° of elbow flexion and neutral forearm position between pronation and supination ( Figure 1A ). For data collection in the SP, a supine lying position was adopted with the right upper limb at 90° of shoulder abduction, 90° of elbow flexion and neutral forearm position between pronation and supination ( Figure 1B ). These standard positions were recommended by the isokinetic dynamometer manufacturer. Velcro straps were used to keep participants at the correct position.
For each participant, the range of movement (ROM) was determined in both planes from the maximal internal rotation position to the maximal ER position in which subjects deemed their selves as capable of producing maximal moment. The zero angle of rotation, in which internal or ER is absent (Wu et al., 2005) , was established as corresponding to the neutral rotation position. Familiarization with the test involved three repetitions of submaximal concentric ER and internal rotation contractions. During testing, participants completed five repetitions of maximal concentric ER contractions at an angular speed of 60°/s.
Optimization Model
To estimate shoulder external rotation muscle forces, we have used the two-dimensional optimization model (MODI 2D) (Ribeiro et al., 2009) . The model assumes that shoulder ER moment, measured through the isokinetic dynamometer, equals the sum of the shoulder external rotation muscle moments. For the current study, the following muscles were considered in the model: infraspinatus, teres minor, supraspinatus, anterior deltoid, middle deltoid and posterior deltoid. The model considers the following variables as input data: shoulder ER moment, shoulder range of motion (both measured during data collection); muscle moment arm, muscle physiological cross-sectional area and muscle specific tension (Kuechle et al., 2000) . The isokinetic dynamometer measures the resultant moment of shoulder external rotation. Similarly, the MODI 2D computes the module of the moment arm for each muscle. The moment arm magnitude for each muscle in each plane of movement was gathered from the literature (Kuechle et al., 2000) . Because the MODI 2D uses the module magnitude of the moment arm to estimate the force of each muscle, it was not necessary to use a coordinate system as reference. MODI 2D splits muscles into primary and secondarymotor muscles based on their theoretical maximum moment production capacity (Ribeiro et al., 2009) . The model compares the estimated shoulder external rotation moment data to the measured shoulder ER moment (quantified by the isokinetic dynamometer). Such comparison identifies the smallest difference between, leading to the ideal muscle estimation moment. The estimated force of each muscle is calculated by the ratio between muscle estimated moment and muscle moment arm. This is calculated for each muscle independently. For a detailed description of the model, the reader is referred to the literature (Ribeiro et al., 2009 ). The estimated shoulder muscle force and moment results were normalized by the muscle that presented the highest peak values. Therefore, since infraspinatus was the muscle that reached the highest force and moment magnitudes, its peak force and peak moment values were used for normalization.
Statistical Analysis
The SYSTAT (v.12; Cranes Software International, Chicago, IL) software was used to verify the data statistical power (posttest) to detect differences (two-tail) between external rotation in the SP and TP for infraspinatus muscle peak force. For such comparison the alpha error level was set as 0.05. The infraspinatus muscle was chosen for the statistical power calculation because it is considered the primary shoulder external rotation muscle. The normality of the data were verified using Shapiro-Wilk test and the homogeneity of the variances using Levene's test. To compare the estimated muscle force and moment between TP and SP the independent Student's t test was used. The adopted level of significance was α = .05 and the statistical procedures were made using SPSS (v.17; SPSS Inc, Chicago, USA) software.
Results
Considering the infraspinatus peak force, the present results show a statistical power of 89.3% to compare both movement planes. Mean and standard deviation for shoulder muscle estimated peak force and peak moment values are described in Table 1 . In addition, the 95% confidence interval for the difference between SP and TP and the respective significance level are also presented at Table 1 .
All muscles presented large force magnitudes in the SP when compared with the TP (Table 1) . For the SP, the infraspinatus muscle presented the largest estimated muscle force, followed by supraspinatus and teres minor muscles (Table 1 ). The peak force for these three muscles occurred in the beginning of the movement. From this point forward, force curve assumes a descending pattern until the end of ROM (Figure 2A) . Anterior, medial and posterior deltoid muscles reached estimated peak forces lower than 3% (Table 1) .
For the TP, the infraspinatus muscle presented the largest estimated muscle force, being followed by teres minor muscle (Table 1 and Figure 2 ). For both muscles the peak force occurred at the beginning of the movement. From this point forward, the force curve assumes a descending pattern until the end of ROM (Figure 2A ). The supraspinatus, medial and posterior deltoid muscles, in the TP, presented values lower than 1.5% throughout the ROM (Table 1) . Since the anterior deltoid muscle presented insufficient moment arm to produce ER in the TP it was not considered an external rotation muscle in this plane for the purposes of the current study (Kuechle et al., 2000) .
Regarding shoulder muscle moment data, large variations could be observed between planes for Note. Moment values were normalized by infraspinatus peak moment in the SP, and force values by infraspinatus peak force in the SP. The anterior deltoid muscle was not considered an external rotation muscle in the transverse plane.
infraspinatus, teres minor and supraspinatus muscles. Significant differences in estimated peak moment magnitudes were observed between the studied planes for the infraspinatus, teres minor, supraspinatus and posterior deltoid muscles (Table 1 ). In the SP, the infraspinatus presented higher muscle moment followed by the teres minor and supraspinatus. These muscles presented an ascending pattern during all ROM achieving peaks at the end of movement ( Figure 2B ). The peak moment values for anterior, medial and posterior deltoid muscles were lower than 0.5%. Considering moment data in the TP, the larger values were presented by infraspinatus and teres minor muscles, respectively. The peaks occurred at the beginning of the ROM. From this point forward, moment curve assumes a descending pattern until the end of ROM ( Figure 2B ). The supraspinatus, medial and posterior deltoid muscles presented estimated moment magnitudes lower than 1% during all ROM (Table 1) .
Discussion
The present study used the MODI 2D (Ribeiro et al., 2009 ) to compare shoulder muscle force and moment production during ER performed in the TP and SP. The considered external rotation muscles (infraspinatus, teres minor and supraspinatus) presented larger muscle force and moment production magnitudes in the SP. The differences found between the two analyzed planes illustrate the influence of the shoulder orientation on muscle force and moment production capacity. Performing a specific movement in different planes of motion alters moment arm magnitudes (due to mechanical changes, related to force direction and its relationship with to the joint rotation center) and muscle force production capacity due to alterations in the length-tension relationship (Veeger et al., 1991) Regarding muscle force data, our findings corroborate with those from Hughes and An (1996) using a 3D model and Favre et al. (2005) using an optimization model. In both studies, the authors analyzed ER in the TP and also found that infraspinatus and teres minor muscles presented greater force magnitudes. Minimal force production was observed for anterior, medial and posterior deltoid muscle in both planes and supraspinatus in the TP in the current study. The model proposed by Hughes and An (1996) predicted 0 N of force for supraspinatus in the TP and Langenderfer et al. (2006a) stated that posterior deltoid does not play a significant role in rotation force, reinforcing the results of the current study. Studies comparing individual force production between TP and SP are scarce, limiting direct comparisons to the results of the current study. Hughes and An (1996) found greater momentgenerating capacity with the shoulder positioned at 90° of abduction (SP) compared with an abduction of 15°. These findings corroborate our results, which also presented greater ER moment magnitudes in the SP. Conversely, in another study Hughes et al. (1999) did not find differences in resultant ER moment between isometric contraction with 15° and 90° of abduction. The differences between the studies possibly occurred because of the different type of contraction adopted: isometric (Hughes et al., 1999) and isokinetic (present study).
Other studies also found the infraspinatus and teres minor as the main muscles involved in the shoulder ER moment and force production. In a cadaveric study, Langenderfer et al. (2006b) calculated the maximal isometric moment production capacity for ER of the shoulder and concluded that the infraspinatus muscle is the most capable of generating ER moment. According to the Favre et al. (2005) algorithm, the infraspinatus is the main muscle in generating ER moment with 30° of arm abduction and neutral rotation, assisted by the teres minor muscle.
Considering that changes in planes of movement influence muscle moment arm magnitudes, identical magnitude of external resistance (imposed by the therapist, elastic resistance devices and dumbbells) applied at different ROMs will result in different load at the musculotendinous unit (Toledo et al., 2008) . Consequently, we suggest that moment arm and muscle force production should be used along with the mentioned criteria (changes in planes of movement) for rehabilitation progress. The relationship among resistance moment, moment production capacity, muscle moment arm and force patterns enables control of the imposed load. With these aspects in mind, when prescribing shoulder exercises, one could decide to provide greater external resistance at ROM and/ or plane of motion where there is mechanical (greater moment arm) and/or force-length relationship advantages. Similar suggestions were recommended, in a recent study, which found differences for net muscle moments of the shoulder, when performing ER at the TP and SP (Toledo et al., 2008) .
Force production capacity depends on force-speed relationship, force-length relationship and temporal and spatial summation of motoneurons (Bottinelli et al., 1996; Kashima et al., 2000; MacIntosh et al., 1993; Soderberg, 1997) . One could argue that these aspects might have contributed to the differences found between the SP and TP. However some attempts were made to minimize the influence of force-speed relationship, force-length relationship and temporal and spatial summation of motoneurons. We consider that variations regarding factors related to stimulus summation and contraction velocity were minimized, since angular speed was fixed at 60°/s and the participants were requested to produce maximum force (Soderberg, 1997; Toledo et al., 2008) .
This study presents with some limitations. The sample size and the number of female participants were different between groups. An additional descriptive analysis after excluding the participants who were included only in one group (SP or TP) showed similar values for the differences between planes when compared with whole analysis (with all participants). Therefore, it is unlikely that dissimilarities in the two groups have influenced the results. In addition, when data related to the female participant was separately analyzed, the estimated moment and force magnitudes were found to be within the 95% confidence interval of the male group data. In this sense, we believe that this limitation did not have a substantial impact in our results. Another possible limitation would be that the model accounts for axial rotation only and performs a two-dimensional analysis. Nonetheless, it is unlikely that participants have produced shoulder moments in different directions and they were positioned according to manufacturer's recommendations. Muscle cocontraction and antagonistic muscles are not considered in the model. Hence, the contributions made by stabilizers are not computed. When estimating muscle forces, there will always exist a compromise between more detailed modeling and the amount of assumptions made. In the current study, a two-dimensional optimization model was used and the results are in accordance with previous findings reported in the literature (Favre et al., 2005; Hughes & An, 1996; Toledo et al., 2008) . Such common findings were obtained through different measurement techniques and consequently, the external validity of our results is increased.
In summary, the infraspinatus, supraspinatus and teres minor muscles presented greater capacity of force and moment production in the SP when compared with their capacity in the TP. Regarding the deltoid muscle, minimal force and moment magnitudes were observed during full ROM in both planes. Moment arm and force generation capacity dictates the load imposed on the musculotendinous unit and knowledge of these aspects should be considered by the therapist during the planning of rehabilitation exercises.
